Phosphorylation by protein kinases has been established as a key factor in the regulation of cytoskeletal structure. However, little is known about the role of protein phosphatases in cytoskeletal regulation. To assess the possible functions ofprotein phosphatases in this respect, we studied the effects of the phosphatase inhibitors calyculin A, okadaic acid, and dinophysistoxin 1 (35-mnethylokadaic acid) on BHK-21 fibroblasts. Within minutes of incubation with these inhibitors, changes are seen in the structural organization of intermediate filaments, followed by a loss of microtubules, as assayed by immunofluorescence. These changes in cytoskeletal structure are accompanied by a rapid and selective increase in vimentin phosphorylation on interphase-specific sites, and they are fully reversible after removal of calyculin A. The results indicate that there is a rapid phosphate turnover on cytoskeletal intermediate filaments and further suggest that protein phosphatases are essential for the maintenance and structural integrity of two major cytoskeletal components.
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Phosphorylation is involved in the regulation of all major cytoskeletal components. It has been shown that phosphorylation is a principal factor in the regulation of intermediate filament (IF) polymerization, subcellular organization, and dynamics (1, 2) . IF proteins are substrates for several different kinases, including p34cdc2 kinase (1, 2) . In the latter case, hyperphosphorylation of vimentin-containing IF is directly correlated with their disassembly into protofilamentous structures (3) (4) (5) . It has also been suggested that microtubules (MTs) and MT-associated proteins (MAPs) are affected by phosphorylation (6) (7) (8) (9) . Furthermore, actomyosin complexes are also regulated by phosphorylation of either actinassociated proteins, such as caldesmon (10) , or the heavy and light chains of myosin (11) . Studies on the regulation of cytoskeletal structure and function by phosphorylation have thus far focused on the roles of different kinases. In contrast, little attention has been given to the role of protein phosphatases, although there are some studies indicating that they may be important in the regulation of the actomyosin system (12) (13) (14) . In this study we attempted to describe the role of protein phosphatases in the regulation of IFs and MTs in BHK-21 cells. To this end, we have employed the phosphatase inhibitors okadaic acid (OA), dinophysistoxin 1 (35-methylokadaic acid; DT), and calyculin A (cl-A). These three substances are potent and specific inhibitors of the type 1 (PP1) and type 2A (PP2A) serine/threonine phosphatases (15) . However, although cl-A, DT, and OA inhibit PP2A with similar potency, cl-A is 50-to 100-fold more effective as a PP1 inhibitor (15) .
MATERIALS AND METHODS
Cell Culture and Immunofluorescence. BHK-21 cells, grown on 22-mm2 glass overslips as described (16) , were processed for double-label indirect immunofluorescence as described (16, 17) . The rabbit polyclonal vimentin (17) were heated at 100'C for 10 min (5). The phosphatase inhibitors cl-A, OA, and DT were isolated as described (19) , without any traces ofhalichondrin in the inhibitor preparations (H.F., unpublished observations). Immunoprecipitation of vimentin (17) , the IF-associated protein IFAP-300K (16), MAP-4 (20) , and tubulin (21) was carried out as described (4, 5) , using polyclonal rabbit antibodies and protein A-Sepharose (Sigma). Immunoprecipitation of MAP-1A (22) and MAP-1B (23) was carried out by using mouse monoclonal antibodies and anti-mouse IgG antibodies conjugated to agarose beads (Sigma) as described (23) . The 32P-labeled immunoprecipitated proteins were then separated on SDS/7.5% polyacrylamide gels (SDS/PAGE; ref. 24) . Gels were dried and autoradiographed at -700C using Kodak X-Omat AR film. 32p labeling was determined from scans of the autoradiographs by using an LKB UltroScan densitometer (Pharmacia) or the Fujix BAS 2000 bioimaging analyzer (Fuji).
In vivo 32p labeling of myosin heavy and light chains was measured from autoradiographs ofWestern blots of whole cell lysates. These proteins were detected with a polyclonal antibody against myosin heavy chain (21) Proc. Natl. Acad. Sci. USA 89 (1992) 11095 of p34cdc2 phosphorylation sites (3), rounded-up mitotic cells were mechanically shaken off and discarded prior to cell lysis. For peptide mapping of the mitotic phosphorylation sites, cells were 32P-labeled for 3 h in the presence of nocodazole (0.4 ,g/ml; refs. 3 and 5). Cells arrested in mitosis were then mechanically shaken off, washed, and finally lysed in 0.4% SDS. Immunoprecipitation, tryptic digestion of vimentin, and two-dimensional thin-layer chromatography were performed as described (3) (4) (5) .
RESULTS AND DISCUSSION
When BHK-21 cells were incubated with nanomolar to micromolar doses of cl-A, DT, or OA, normal IF structure was rapidly lost followed by a loss of MTs, as determined by indirect immunofluorescence (Fig. 1) . A clear difference in the effective doses of cl-A, DT, and OA became apparent within 20 min of incubation. cl-A induced marked alterations in the cytoskeletal networks starting at a dose range of 10-20 nM, whereas 0.5-1 ,uM DT and 1-1.5 ILM OA had to be used to induce similar effects. The hundredfold difference in inhibitor sensitivity is consistent with inhibition of PP1 being necessary to produce the effects.
Because cl-A was effective at much lower doses, it was used to examine the morphological effects in greater detail. Within 3-6 min, after the addition of 20 nM cl-A to intact cells, the vimentin IF networks appeared disrupted (Fig. 1) . This was even more obvious after 9-10 min when an extensive loss of filamentous structures and the appearance of large areas of diffuse fluorescence was seen. At this same concentration, MT networks appeared normal for up to 5 min. However, by 9-10 min after cl-A addition, a noticeable reduction in the number of MT was observed in a large proportion of the cells, and at 15-20 min the bulk of the cells displayed only a small remaining proportion of MT. The decrease in the number of MTs was accompanied by a corresponding increase in diffuse fluorescence, indicating disassembly of MT networks. Furthermore, the MTs remaining after 15-20 min had a curly or kinky appearance that resembled the stable population of MTs (25) . Although IFs and MTs were disorganized after 10-15 min in the presence of cl-A, cell shape was not obviously affected and the overall distribution and structure of actin-rich stress fibers (microfilament bundles) appeared normal, as determined by staining with rhodamine-labeled phalloidin (Fig. 1) . After 20-30 min in the presence of 20 nM cl-A, an increasing number of the cells showed a more rounded morphology but still remained attached to the support. When cells rounded up, the organization of the stress fibers was altered (results not shown).
If these effects on IFs and MTs involve protein phosphorylation, they should be reversible. The normal morphological features of IF and MT networks were restored by allowing cells that had been treated for 20 min with 10-20 nM cl-A to recover for 2-6 h (10 nM, 2-4 h; 20 nM, 4-6 h) in normal medium (Fig. 1) . This recovery demonstrates the continued viability of the cells and the reversibility of the cytoskeletal disruption induced by cl-A. The effects of OA and DT, at the relatively high doses required to mimic those of cl-A, were not reversible.
In accordance with previous studies on phosphatase inhibitors (see e.g., refs. 13-15, 26, and 27), cells incubated in the presence of cl-A, DT, or OA showed an overall increase in protein phosphorylation (Fig. 2) . However, at low doses (20 nM) and short exposure times (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (Figs. 2 and 3 ). This was confirmed by immunoprecipitation ( Fig. 2) and densitometric scans of autoradiographs of the immunoprecipitated vimentin (control, 0.11 AU; cl-A, 1.20 AU; cl-A/control, 10.9). The increases in vimentin phosphorylation corresponded well with the observed effects on IF network structure (Fig. 3) (14) , were not affected under the conditions employed in the present study (control, 0.21 and 0.29 AU; cl-A, 0.22 and 0.32 AU; cl-A/control, 1.05 and 1.10, respectively). The discrepancy between these results and those of others is probably related to higher cl-A concentrations (10 times) and longer incubation times in the previous study (14) .
There were obvious differences among the dose-response curves of cl-A, OA, and DT with respect to 32p labeling of vimentin (Fig. 3) . This 32P-labeled whole cell extracts were separated by SDS/PAGE on 7.5% gels and the relative increases in 32p labeling (control = 1) were determined as absorbance units (AU) from densitometric scans of vimentin bands on autoradiographs or by (3-scanner measurements of the radioactivity in vimentin bands on the dried gels. Similar results were obtained by both methods. The differences among the potencies of cl-A vs. DT or OA suggest that PP1 rather than PP2A is involved in the observed effects. Notice that some of the data points are overlapping and may thus appear to be missing. (Inset) Time-course increase of the 32p labeling of vimentin (e) from cells incubated in the presence of 20 nM cl-A (measurements were carried out as described above). The increases in 32p labeling were correlated with the alterations in the morphology of IFs and MTs. The percentage of cells displaying IF (n) and MT (A) morphologies corresponding to those shown in Fig. 1 C, D previous observations on the relative inhibitory activities of these compounds against PP1 and PP2A (19, 27) .
Although cl-A is a highly specific phosphatase inhibitor that does not act directly upon any ofthe kinases examined to date (15) , it could have indirect effects. For example, it has been suggested that OA, when the conditions are favorable, as in G2 (28) and S (29) phases, can induce activation of p34cdc2 kinase.
However, in the present study, the enhanced phosphorylation of vimentin in response to cl-A occurred at sites in the protein that were normally phosphorylated in interphase cells. This was demonstrated by two-dimensional phosphopeptide mapping of vimentin immunoprecipitated from control cells, cl-Atreated cells, and mitotic cells (Fig. 4) . The results showed that the vimentin phosphopeptide maps from both control cells and cl-A-treated cells had virtually identical patterns (i.e., the same number of phosphopeptides at the same relative positions). A quantification of the 32p labeling, however, revealed that vimentin peptide maps from cl-A-treated cells showed a marked fold increase of32Plabeling oftwo sites, peptides b and c (22 ± 6 and 45 ± 15, respectively; mean ± range; N = 3), and overall increases at all sites (<10-fold) except one (peptide a; Fig. 4) . The same sites showed increased 32p labeling in vimentin from cl-A-treated cell cultures synchronized in G1 phase (J.E.E. and R.D.G., unpublished results). In comparison, mitotic vimentin peptide maps revealed that none ofthese sites corresponded to the mitotic phosphorylation sites spe- Both of the predominant protein phosphatases in animal cells, PP1 and PP2A, are inhibited by approximately the same nanomolar concentrations ofcl-A (15, 27) . On the other hand, OA discriminates between the two phosphatases, inhibiting PP2A at 50-to 100-fold lower concentrations than those effective for PP1. Our results, showing that 50-to 100-fold higher concentrations of DT and OA are required to produce effects similar to those ofcl-A on IF and MT organization and vimentin phosphorylation, are consistent with an inhibition of PP1 being necessary to produce the effects. Evidence in support of a role for PP1 in the regulation of IF organization and vimentin phosphorylation has also been derived from the microinjection of purified PP1 into fibroblasts, resulting in both the stabilization of IFs during heat shock and the induction of lower levels of 32p labeling of vimentin (30) .
The results ofthis study have led us to conclude that protein phosphatase activity is involved in the maintenance of the structural integrity of cytoskeletal IF networks. This conclusion is based on the very rapid increase of vimentin phosphorylation and the corresponding alterations in IF structure seen by immunofluorescence that accompany the treatment of BHK-21 cells with the phosphatase inhibitor cl-A. In further support of these observations, it has been shown that increased phosphorylation of IF proteins in vitro and in vivo leads to their disassembly (2) . The rapid structural alterations in IF networks induced by cl-A treatment seem to be followed by MT disruption at slightly later times. Several studies have shown that IFs and MTs are closely associated with each other both spatially and presumably functionally, by largely unknown mechanisms (21, 31, 32 (3, 5) . Therefore, the high constitutive vimentin phosphatase activity, inferred from our studies, may be involved in maintaining IFs in the assembled form in interphase cells. When the kinase-phosphatase equilibrium is altered, as in mitosis, the consequent elevation ofvimentin phosphorylation would favor disassembly (3, 5) . In further support ofthis, there is evidence for a cell-cycle-dependent cytoskeletal translocation of PP1 (34) that may allow phosphorylation of selected cellular components, such as nuclear lamins (35) and vimentin (3) (4) (5) 
